The performance of three sparger diameters (D S = 0.6D, D S = D, D S = 1.6D) in combination with three positions (below, above or level with the impeller) for gas-liquid dispersion and mass transfer were evaluated in the case of the Rushton turbine and the A315 propeller in up-or down-pumping mode. The results show that the best results in terms of gas handling and mass transfer capacities are obtained for all impellers with the sparger placed below it and with a diameter at least equal to the impeller diameter. For the sparger position below the agitator, the k L a values of the Rushton turbine are greater than those of the A315 propeller, whatever the pumping mode.
They found that 'near-wall' ring spargers were unable to flood the stirrer. This arrangement also resulted in substantially improved suspension behavior. The gas hold-up, however, is lower in this case than with a 'farwall' ring sparger. Joshi (1991a, 1993) have tested several sparger types and configurations using a pitched blade turbine in the down-pumping mode. They found that the critical impeller speed for gas dispersion, N CD , depended on the impeller design, the sparger design, the sparger location and the superficial gas velocity. Among the sparger designs they studied, the concentric ring sparger and the large ring sparger (2D) were found to be more energy efficient for an early dispersion of gas. They recommended the use of a large ring sparger (2D). Joshi (1991a, 1993) also found that the value of N CD increased with decreasing distance between the sparger and the impeller, and this reached a maximum when the gas is sparged above the pitched blade down-pumping turbine. They have shown that the effect of the diameter of the ring sparger was predominant when it exceeds the impeller diameter and placed below and away from the impeller. The values of N CD were found to be the lowest when the ring diameter is twice the impeller diameter. Joshi (1991a, 1993) also found that the hole size and the number of holes on the ring sparger have a negligible effect when the sparger is located near the impeller. However, these variables become important when the sparger is located away from the impeller. For such a sparger, the value of N CD decreases with decreasing orifice size or increasing number of holes. Rewatkar and Joshi (1991b) made the same remarks and conclusions as Joshi (1991a, 1993 ) did on the critical impeller speed for gas dispersion. have studied the gas hold-up in gas-liquid reactors using a down-pumping pitched blade turbine with several types and configurations of spargers. Of all the spargers tested, the ring sparger gives the highest gas hold-up: 18 to 25% higher than that obtained when using a single point sparger. They found that a sparger located above the impeller always gives a lower gas hold-up than a sparger located below the impeller. When the sparger diameter is 0.5D, a sparger located closer to the impeller gives a lower gas hold-up than the same sparger located far away from the impeller. For a sparger diameter of 0.8D, the opposite is found. observed that a ring sparger of diameter equal to 0.8D and 2D gives the maximum gas hold-up. The latter is recommended in view of stability. In the case of the ring sparger, a smaller number of holes and holes of a smaller size give a larger gas hold-up. Rewatkar et al. (1991) carried out a similar study, whereby a solid suspension was added. They found that the values of the critical impeller speed for solid suspension in the gas-liquid-solid system with a ring diameter of 2D were lower at high superficial gas velocities (≥ 0.0094 m.s -1 ). Bakker and Van den Akker (1994) have used four sparger types and two impellers: a PBT and a propeller in the down-pumping mode. By analysis of the P G /P curve, they found that the use of a ring sparger located away from the impeller decreased the amount of power needed to disperse a certain amount of gas. The authors, however, found no clear effect of the sparger type on the gas hold-up. On the other hand, it was found that the sparger with a diameter of 0.45D gives the best result in terms of mass transfer performance. Mc Farlane et al. (1995) have tested several sparger types and configurations using two propellers in the down-pumping mode. They recommend the use of a large ring sparger (0.8D) with a large sparger-impeller separation (0.6 to 0.8C), since the relative power drawn, the gas handling capability and the energy efficiency in dispersing gas are all enhanced. Ahmed (1996, 1997) have worked with a Rushton turbine and a pitched blade disk turbine in the up-pumping and the down-pumping modes. They tested three sparger diameters and three positions for the sparger: above, level and below the impeller. It was found that the most suitable location for introducing the gas appears to be in the discharge flow of the impeller. The most suitable diameter for the sparger is the larger one: 1.4D. In summary, it may be concluded that 'larger than impeller' sparger is better in terms of gas handling capacities and gas hold-up.
However, little information is available in terms of mass transfer performances.
In the present work, the performance of two impellers (an A315 hydrofoil propeller both in the downand up-pumping modes and a Rushton turbine) with several ring sparger configurations are quantified in terms of the volumetric mass transfer coefficient, the overall transfer efficiency, the standard oxygen transfer rate, as well as the power dissipation. For the down-pumping configuration, the sparger is placed below the propeller and in the up-pumping configuration it is placed above. In the case of the Rushton turbine, the sparger is placed below or level with the turbine in the discharge flow of the agitator. In this latter case, the gas is injected towards either the top or the bottom of the tank.
METHODS AND MATERIALS

Equipment & Experimental Conditions
The experiments were performed in a impeller. This position of the sparger was chosen arbitrarily as it is not a typical configuration and therefore it may not be the optimal position. However, care was taken to place the sparger at distance relatively close to the impeller to promote gas dispersion. When the sparger is placed level with the centreline of the impeller (position l, only for the turbine) with C s = C, the gas is bubble either downwards or upwards. All spargers have 43 x 0.0009m diameter holes and the configurations are summarised in Table 1, Table 2 and Figure 1 . The impeller rotational speed, N, remained constant at 5 s −1 (corresponding to fully developed turbulent flow), whilst the gas flow rate varied between 0.3 -3.5 × 10 −4 m 3 s −1 , which is equivalent to a gas flow number, Fl, variation from 0.012 to 0.075. The flow number is defined as:
where Q G is the gas flow rate.
In addition to the mass transfer experiments, which are detailed below, the power consumption was measured in order to characterise the agitation systems. The power consumption of the agitator, with and without gas, was determined by measuring the restraining torque of the motor. For these experiments, the rotational speed of the agitator was kept constant whilst the gas flow rate was varied. The power consumption in absence of gas was represented as the dimensionless power number P 0 :
where ρ is the liquid density.
Mass Transfer
The volumetric mass transfer coefficient, k L a, was measured using a dynamic measurement method, assuming perfect mixing in the liquid phase and the first order no depletion model for the gas phase. The choice of a first order model for the gas phase is justified by the fact that such simplified models still preserve the relative order of merit of agitators, making them useful comparison purposes (Lopes de Figueiredo and Calderbank, 1979) .
Furthermore, for low k L a values (< 0.06 s −1 ), like those obtained in this study, the difference between first and second order (eg. perfectly mixed or plug flow models) methods is negligible (Bakker, 1992) .
Tap water was used as the operating fluid and was firstly deoxygenated by bubbling nitrogen through it until the dissolved oxygen concentration, C t , was ≤ 0.2 mg.l −1 using an impeller rotational speed of 5 s −1 . The increase in C t was then measured over time as air re-oxygenated the tank water. The k L a was then calculated from:
where C * is the oxygen concentration at saturation, C 0 is the oxygen concentration at t = 0 s and τ is the response time of the oxygen probe. A temperature correction to the k L a was then applied using the relation (Bouaifi and Roustan, 1994) :
where T is the temperature of water during the experiment.
Measurements were made for various gas flow rates, ranging from 0.45 × 10 −4 to 3.2 × 10 −4 m 3 s −4 (0.5 -4.0 vvm), whilst the impeller speed remained constant at 5 s −1 . In all cases, a complete dispersion flow regime was obtained.
Using the k L a values, an economic performance criterion was deduced in order to compare the efficiencies of the different agitators: the Overall Transfer Efficiency (OTE), which represents the mass of oxygen transferred to the liquid per kWh (Bouaifi and Roustan, 1994) :
where V is the volume of liquid in the vessel and P g is the gassed impeller power consumption.
RESULTS AND DISCUSSION
Power Consumption
The ungassed power numbers of the different agitators studied are shown in Table 3 . The results are generally in good agreement with those published in the literature. The power values measured for the A315D are however somewhat greater than the values reported by Bakker (1992) . These discrepancies may be explained by the use of a different tank geometry including a flat-bottomed vessel and a different impeller-vessel configuration (diameter, off-the-bottom clearance ratio, …).
The gassed to ungassed power ratio, P g /P, against the gas flow number Fl for the Rushton turbine is plotted in Figure 2 . The small and the medium spargers below the impeller induce a fall in the P g /P ratio from 0.9 to 0.6. For the small sparger, this decrease is sudden and occurs at Fl = 0.025, whereas for the medium sparger the decrease in P g /P is comparatively slow. The three large sparger configurations induce only a small decrease in the P g /P ratio from 1 to 0.9 and thus have a higher gas handling capacity. This can be explained by the indirect loading of the impeller that occurs when a large sparger is used, whatever its position with respect to the impeller.
For the down-pumping A315 propeller (Figure 3 ), the use of spargers below the impeller firstly induces a plateau of the P g /P ratio (at 1 for the small sparger and 0.9 for the medium and the large ones), and then a regular increase for Fl ≥ 0.035. This can be explained by the direct opposition between the discharge flow of the propeller and the gas flow coming from the sparger. When the sparger is above the propeller, the P g /P ratio decreases rapidly to 0.8 (small and medium sparger) or 0.9 (large sparger) and then remains at this value for all of the gas flow rates studied. There appears to be a small influence of the sparger diameter on P g /P, however the position of the sparger with respect to the impeller is predominant.
The small and the large spargers located above the A315 propeller (Figure 4 ) in the up-pumping mode induce a regular increase of the P g /P ratio from 1 to 1.2. As for the down-pumping impeller, this increase is due to the opposition between the discharge flow of the propeller and the gas flow coming from the sparger.
However, when the sparger has the same diameter as the impeller, this phenomenon is not observed.
Nevertheless, for this sparger and the spargers that are positioned below the impeller, the decrease in the P g /P ratio upon gassing is minor. This indicates the good dispersion capacity of the impeller for the range of flow rates studied.
Mass Transfer
Firstly, in order to verify the accuracy of the technique adopted for the measurement of k L a, the results for the Rushton turbine with the small sparger placed below the impeller have been compared with the correlation reported by Van't Riet (1979) :
where P g is the power consumption under aeration and v s is the superficial gas velocity.
The average difference between the experimental and correlated results is approximately 4%, with the maximal difference being no greater than 8%. Considering this comparison, the experimental method employed in this work is considered to be valid for the range of operating conditions used.
Volumetric Mass Transfer Coefficients
The evolution of the volumetric mass transfer coefficients as a function of the gas flow number for all of the sparger configurations studied with the Rushton turbine is shown in Figure 5 . As expected, the mass transfer coefficients increase with an increasing gas flow number due to the increased gas holdup. Like for the P g /P ratio, the more effective spargers are the large ones (D S = 1.6D) placed below or level with the impeller, the latter configuration discharging the gas in a downwards direction. For Fl ≤ 0.05, the medium sparger (D S = D) enables k L a values similar to those given by the large spargers to be obtained. At larger gas flow numbers, however, this is no longer the case because the P g /P ratio decreases, which indicates the beginning of the gas loading regime and therefore the gas handling capacity of the impeller decreases. Figure 6 plots the volumetric mass transfer coefficient against the gas flow number for the A315
propeller in the down-pumping mode. Here, the highest k L a values are obtained with the spargers that also give the best gas handling capacities (the lowest fall in the P g /P ratio), i.e. those which are placed below the impeller.
The diameter of the sparger, however, has a much weaker influence on the k L a.
The results for the A315 propeller in the up-pumping mode are shown in Figure 7 . Surprisingly, the best values of the volumetric mass transfer coefficient are obtained for the spargers which are situated below the impeller. It is only at high gas flow rates (Fl ≥ 0.05) that the medium sparger (D S = D) placed above the impeller enables k L a values, which are similar to those given with the spargers below the impeller, to be obtained. This can be explained by the smaller amount of gas that accumulates below the propeller when the gas is injected above the agitator (Figure 8(B) ) compared with when the gas is injected below the impeller (Figure 8(A) ). The differences in the gas distribution can be explained by the liquid flow fields generated by the up-pumping impeller. Two circulation loops are created, a strong one in the lower part of the tank and a weaker one in the upper part (Aubin, 2001) . When the gas is injected below the impeller, the majority of it is entrained by the lower circulation loop and remains there for a considerable time. This was also observed by Aubin et al. (2004) for an up-pumping pitched blade turbine. When the sparger is placed above the impeller, however, the gas is entrained by both of the circulation loops. The gas that circulates in the upper loop escapes more rapidly to the liquid surface, which decreases the bubble residence time and therefore the k L a. In addition, the bubbles appear to be bigger when the spargers are placed above the impellers.
Overall Transfer Efficiency (OTE)
The evolution of the overall transfer efficiency, OTE, as a function of the gas flow number, Fl, for each impeller and sparger configuration is shown in Figure 9 , Figure 10 and Figure 11 . For all of the configurations, the OTE increases with an increasing gas flow number. This is because as the gas flow rate increases, the k L a also increases but the gassed power consumption decreases or remains more or less constant.
For the Rushton turbine, only the best configurations in terms of gas handling capacities (i.e. high P g /P ratios) have been shown in Figure 9 . The configuration with the large sparger below the turbine gives slightly
higher OTE values than the other two configurations.
For the A315 propeller in the down-pumping mode, the OTE values for the small, medium and large spargers situated below the impeller are plotted in Figure 10 . These spargers were shown to give the best results in terms of gas handling capacities and k L a. For high gas flow rates, Fl > 0.04, the system with the medium sparger below the impeller is more efficient than the other configurations. For Fl < 0.04, however, the small and the medium spargers below the agitator give similar results.
The OTE values for the A315 propeller in the up-pumping mode, Figure 11 , show a clear difference between the sparger configurations below and above the impeller: those located below the agitator give relatively higher efficiencies. Furthermore, the small sparger below the impeller gives consistently higher OTE values than the medium and large spargers. The difference in OTE values between the sparger positions corresponds directly to the fact that the configurations below the impeller give much higher k L a values and that the P g /P ratio for all configurations varies very little.
Comparison of the different impeller configurations
For the sparger position below the impeller and for the three sparger diameters (small, medium and large), the performances of each impeller are compared together in terms of k L a and OTE. For each characteristic quantity, the performance of the impellers studied can be summarized in decreasing superiority as the following.
In terms of k L a:
Rushton turbine > A315 up-pumping mode > A315 down-pumping mode
In terms of OTE:
A315 up-pumping mode > A315 down-pumping mode > Rushton turbine Overall, the k L a values for the Rushton turbine are much higher than those for the A315 propeller.
Regardless of the sparger position, the k L a values for the radial turbine are in average 33% greater (small sparger) and 50% greater (medium and large spargers) than those obtained with the down-pumping A315.
Comparison with the up-pumping A315 shows that the Rushton turbine gives k L a values which are 30% greater than the former impeller for all sparger diameters. This is explained by the fact that the experiments were carried out at a constant rotational speed and not at constant power dissipation. Since the k L a is a function of gassed power consumption, the Rushton turbine has a much larger mass transfer coefficient because it dissipates significantly more power than the other impellers studied at constant impeller speed. For the A315 propeller, the up-pumping configuration gives k L a values which are approximately 20% greater than those obtained in the down-pumping mode.
It can be seen that when using the OTE as a comparison criterion, the Rushton turbine has the lowest performance in terms of mass transfer efficiency, compared with the other impellers. Even though the Rushton turbine enables a large quantity of oxygen to be transferred quickly to the liquid phase, it requires a large amount of power for carrying out the process. In comparison, the OTE values of the A315 propeller in up-or downpumping mode are approximately 1-1.5 times greater than those of the Rushton turbine. Looking at the effect of axial pumping direction for the A315 propeller on the OTE shows that the up-pumping mode gives higher values than the down-pumping mode: 10% greater for the medium sparger, 20% for the large and 35% for the small one. More details on the comparison between different radial and axial agitators can be found in Sardeing et al. (2003) .
CONCLUSIONS
This paper deals with the gas-liquid mass transfer performance of various sparger configurations in combination with a down-and an up-pumping axial flow impeller (A315 propeller) and a radial flow impeller (Rushton turbine. For each impeller, the sparger configurations that give the best performance in terms of gas handling capacity, k L a and OTE are summarised in Table 4 .
By merging the information of the three columns in Table 4 , the adequate sparger for each impeller can be proposed:
Rushton turbine: This configuration is preferred over the small and large spargers located below the agitator because it gives equivalent or better perfromances in terms of k L a and OTE. Furthermore, the P g /P ratio for this configuration remains between 0.8 and 1, which means that it is not flooded at high gas rates.
A315 propeller in up-pumping mode:
Small ( In general, it can be concluded that the sparger diameter does not have a very important effect on the mass transfer performance of the impellers studied, although it appears that for the most part a sparger diameter equal to or larger than the impeller diameter is preferable, whatever the type of agitator. The sparger position, on the other hand, has an important effect on mass transfer. The results of this study indicate that it is most advantageous to position the sparger in a location which favours the gas to be entrained into the circulation loop present in the lower part of the tank. The gas then has a longer residence time in the vessel, which promotes mass transfer.
The comparison of impeller types shows that the Rushton turbine gives the highest k L a values but is the least efficient impeller in terms of OTE values due to its relatively high power consumption. The most energy efficient impeller for mass transfer, on the other hand, is the A315 propeller in the up-pumping mode. Although, the mass transfer performance of the down-pumping A315 propeller is less than in the up-pumping mode.
Future work will concentrate on the local measurement of gas hold-up and bubble diameters in order to better understand the phenomena observed in this work. The influence of the distance between the axial impeller and the sparger positioned above it has also to be investigated.
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